states, and the expression of glycans with specific structures indicates particular pathological states. Therefore, the expressions of specific glycans are now recognized as biomarkers for certain immune responses caused by disease and several cancers. 4, 5 Hence, the determination of the structure of glycans that may exist in minor amounts in specific proteins, and in specific glycosylation positions, is very important in clinical diagnosis.
However, predicting the glycan structures is impossible based on genomic techniques, because glycans are the products of multiple sequential and competitive enzymatic actions. Therefore, understanding the function of glycans and their changes in relation to disease is an important field of biological analysis, which is often referred to as glycomics and glycoproteomics.
The structural variation of glycans is sometimes called microheterogeneity, which refers to the presence of very closely related structures of glycans in a single glycoprotein. In the 1970s, the structural determination of oligosaccharides was labor-intensive, and required highly sophisticated methods and techniques. For example, Kobata's group determined the structures of many kinds of oligosaccharide chains in glycoproteins. 6 In their technique, oligosaccharides are released from glycoproteins by doubly distilled anhydrous hydrazine, which is explosive and highly hazardous. The obtained oligosaccharides are radio-isotopically labeled by reduction with NaBH4, and separated on a 2-m-long BioGel P2 column thermostated at 40 -60 C. The structures of the oligosaccharides are determined by sequence analysis by exoglycosidase digestion (and chemical treatment including chromate oxidation) and P2 column chromatographic analysis. In addition, the oligosaccharides are analyzed by determining hydrolysates after complete permethylation of the oligosaccharide with GC using a 50-m long capillary column, which requires several types of partially methylated monosaccharides as reference standards. 7 The techniques used in this work are elaborate and require numerous specimens and enzymes. Kobata et al. established the basic concepts of the Asn-linked oligosaccharide structures found in glycoproteins in the early 1970s.
In the late 1970s, Vliegenthart's group established a methodology based on the identification of structural reporter groups in the 1 H-NMR spectra to determine the structure of oligosaccharides. 8 However, the positions and linkages of sialic acids in lactosamine branches are complex, and require high resolution to discriminate between 0.05 ppm, and careful control of the pD (pH of D2O) of the sample solution. Moreover, this method is theoretically only applicable to single oligosaccharide in quantity of several milligrams, which requires a considerable amount of work in column chromatographic separation.
Takahashi and Hase established a multi-dimensional liquidchromatographic technique for the determination of oligosaccharide structures; oligosaccharides released from glycoproteins are labeled with 2-aminopyridine (2-AP), and then separated by liquid chromatography (HPLC) using weak anion-exchange, Amide80 and ODS columns. 9, 10 The elution times of the oligosaccharides are indexed as the number of sialic acid residues for anion-exchange, and as glucose units (the degree of polymerization of glucose in dextran hydrolysates) for partition modes. Each separation requires only approximately 1 h and is applicable to oligosaccharide mixtures, but the determination of the overall glycan structure is time consuming since iterative separations are required after step-wise exoglycosidase digestions for each glycan. However, now a complete structural determination is not as important because the structures of more than a few thousand species of glycans have been elucidated, and functional studies on glycosidases and transferases have been used to predict glycan structures. Now, the most important uses of glycan profiles obtained from chromatography is to monitor physiological states, and for the quality control of glycoproteinaceous pharmaceuticals.
This paper describes the application of HPLC and capillary electrophoresis (CE) for the analysis of oligosaccharide chains, component monosaccharides, and also glycopeptides and glycoproteins for glycosylation analysis. The methods described herein may also be applicable to the quality control of glycoprotein biopharmaceuticals. The following reviews can also be referred to for further information on the functions of glycans 3, [11] [12] [13] and glycan disease markers. 14, 15 Web-based databases, such as the Japan Consortium for Glycobiology and Glycotechnology database (JCGGDB), may also be used to search for the structures and functions of glycans.
Structure of the Sugar Chains in Glycoproteins
More than 40 types of peptide-saccharide linkages have been discovered in glycoproteins. 13 Of these, the GlcNAc-β-Asn and GalNAc-α-Ser/Thr linkages are the most commonly found. The oligosaccharides in these two types of glycoprotein are composed from just a few monosaccharides (Fig. 1 ), but are highly complicated and have variations that number into the thousands. 16, 17 
2·1 N-Linked oligosaccharides (Asn type glycans)
In N-glycosylation, the oligosaccharide chains are linked at asparagine (Asn) residues with a defined consensus sequence, Asn-X-Ser/Thr, where X is any amino acid residue, except for proline. All N-linked glycans contain a common structure known as the "trimannosyl core" [Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAc]. N-Glycans are further classified into three subgroups based on the structure of their antenna branches (Fig. 2) . High-mannose type glycans have a further addition of two to six Man residues. These glycans also contain positional isomers of peripheral α1,2-linked Man residues at three inner branches for Man7GlcNAc2 and Man8GlcNAc2. Complex glycans have the largest structural variation, which is caused mainly by two major elements: the number of N-acetyl lactosamine branches (Galβ1-4GlcNAcβ1-) linked to the core Man residues; and the further addition of monosaccharide residues, including GlcNAc in β-linked Man (bisecting GlcNAc), Fuc linked to GlcNAc in the core and antenna, additional linkages of NeuAc/NeuGc to Gal and GlcNAc in the antennae with α2,3-or α2,6-linkages, repetition of lactosamine sequence (polylactosamine), and α-Gal linked to lactosamine branches. These complex glycans are further modified by methylation, phosphorylation and sulfation. Hybrid N-glycans have both oligomannosyl branches and complex-type branches. The structural variations of glycans are also specific for each glycoprotein. For example, ovalbumin and ovomucoid are the major glycoproteins in hen's egg white, but the oligosaccharides of ovalbumin comprise three high-mannose type oligosaccharides (Man5, Man6 and Man7) and a series of hybrid type glycans, [18] [19] [20] whereas ovomucoid contains complex-type glycans with an increased number of antennae. 21 These variations make it difficult to predict the structure of glycans based on information about their source.
2·2 O-Linked glycans (Ser/Thr type glycans)
Oligosaccharide chains linked to Ser or Thr are another group of glycans, known as O-linked (mucin-type) glycans, which begin with an α-linked GalNAc residue. O-Glycans are divided into several groups based on the di-and tri-saccharides bound to the amino acids. The variation in O-linked glycans is mainly caused by the iterative addition of lactosamines and their elongation, which is terminated by the addition of α-Fuc or α-NeuAc/NeuGc. The most common O-linked glycans, found in secreted glycoproteins, have structures with 1 -20 sugar residues. 22, 23 These glycans are summarized in Fig. 3 . Other types of O-linkages, such as GlcNAc, glucose, and fucose linked to Ser/Thr residues, have also been reported, but these occur mostly without any further elongation, unlike the sugar chains originating from GalNAc, 24 although O-linked Fuc can be extended to di-, tri-, and tetrasaccharides. 25 O-Glycosylation is also found with tyrosine, hydroxylysine (Hyl), and hydroxyproline (Hyp). In proteoglycans (e.g., heparin, hyaluronate and chondroitin sulfates), sugar extensions usually occur via xylose linked to Ser/Thr. O-Glycosylation occurs exclusively through mannose residues in yeast. Furthermore, Ser can be O-glycosylated with a phosphate-sugar moiety (GlcNAc, Man, Fuc, and Xyl) in a phosphodiester linkage. [26] [27] [28] Linkages between GalNAc and Ser/Thr (mucin type) and Xyl and Ser (proteoglycan type) are labile under alkaline conditions, but Galβ1-Hyl (collagen type) and Ara-Hyp (extensine type) linkages are alkaline stable. The chemical stability of the linkages is important in the release of oligosaccharide chains from the glycoproteins.
Methods for Releasing Oligosaccharides from Glycoproteins
Various chemical cleaving methods have been used for releasing intact oligosaccharides according to the differences in the chemical properties of the peptide-glycan linkages. Treatment with anhydrous hydrazine enables the release of Asn-and Ser/Thr-linked glycans, but the required reaction conditions are different. 29 Alkaline treatment is the first choice for releasing O-linked glycans that have branching at the C-3 of GalNAc linked to Ser/Thr; this branching makes them very susceptible to alkaline conditions, and often causes degradation of the saccharides in a peeling reaction. 30 To prevent this degradation, the alkaline reaction is carried out in the presence of a large amount of borohydride reagent (~1 M). However, these conditions result in the loss of aldehyde groups from the released oligosaccharides, which makes labeling with fluorescent tags difficult. Recent reports have suggested alternative reaction conditions using ammonium carbonate 31 and ammonia/ ammonium carbamate. 32 The sugar chains linked to Hyl, Hyp, and Tyr in O-glycosidic bonds are stable against strong alkali treatment, and fragments containing these linkages can be isolated as glycopeptides after digestion with either hydrazine or metal hydroxides. 33, 34 The most commonly used method to release N-linked glycans is enzymatic digestion with peptide N-glycanase F (PNGase F), which is a glycoamidase rather than a glycosidase. PNGase F cleaves the amide linkage of the Asn residue linked to oligosaccharide chains to form Asp and a glycosylamine. The released glycosylamines are not stable, and are gradually converted to reducing oligosaccharides and ammonia by standing in an aqueous solution overnight. PNGase F digestion is susceptible to the rigidity of the peptides. Proteins are first denatured with SDS, and the disulfides are cleaved with thiol reagent, and then digested with PNGase F. 35 The optimum pH of the enzyme ranges from 7 to 9, but the enzyme is also active from pH 5 to 7.
Other N-glycosidases and endo-β-Nacetylglucosaminidases are available to liberate a great variety of N-linked glycans. 36 Glycopeptidase A has similar substrate specificity to PNGase F, but can release N-linked oligosaccharides carrying α1,3-Fuc at the core, which cannot be released by PNGase F. The optimum pH for glycopeptidase A is between 4 and 6 and the activity decreases rapidly above pH 7. 37, 38 Two O-glycanases isolated from Diplococcus pneumoniae and Streptococcus pneumonia are now commercially available. 39, 40 These enzymes are highly specific for liberating Galβ1-3GalNAc linked to the Ser or Thr residues of glycoproteins. The addition of sialic acid, Fuc, GlcNAc, or GalNAc to the disaccharides prevents cleavage. Because of the high specificity of O-glycanases, chemical methods have commonly been used in the analysis of O-linked oligosaccharides. 
Specific Entrapment of Glycans
Glycans released from glycoproteins often cannot be used directly for further studies because of the presence of a large amount of peptides, salts, and other compounds in the sample mixture. The presence of these impurities means that specific recovery methods are required for isolating the glycans from the reaction mixture. Various methods are now applied for the purification of glycans based on differences in the polarity and functionality of peptides and glycans.
If the glycans are released without tryptic digestion, a large amount of proteins can be removed as precipitates from the solution by adding cold ethanol or acetone. Extraction with solvents immiscible with water, such as ethyl acetate or chloroform, is often used for the removal of labeling reagents from reaction mixtures, and can also be used to remove proteins, which are precipitated, and appear at the boundary of the organic and aqueous phases.
Solid-phase extraction (SPE) has been used for the fractionation of glycans from the sample matrix using hydrophobic phases, such as C18 silica, HLB ® , and graphitized carbon black (GCB) and hydrophilic phases, such as crystalline cellulose, and silica modified with CN, amide, NH2, and other hydrophilic groups. The applications of such phases are summarized in a recent review. 16 Wohlgemuth et al. compared silica, cellulose, NH2, amide, and zwitterionic sulfoalkylbetaine (ZIC-HILIC) materials for glycopeptide enrichment using model glycoprotein mixtures prior to reversed-phase capillary LC-MS/MS analysis, and found ZIC-HILIC to be the preferred choice. 41 GCB is an option for the SPE of carbohydrates in water. Historically, the usefulness of GCB was recognized based on the ability of the activated carbon to extract carbohydrates from water. Recent GCB materials are porous with surface areas typically around 100 m 2 /g with a mean pore diameter of 20 nm and a porosity of 75%. These improved GCB materials have a sorbent capacity comparable to silica-based sorbents. The extraction ability of GCB is based on the molecular shape, acidity, and polarity of compounds. 42 Glycans in crude samples are adsorbed on GCB using water or a diluted solution of trifluoroacetic acid or acetic acid; the adsorbed saccharides are eluted with around 30% acidified aqueous acetonitrile or methanol. 43, 44 Recovery is sometimes enhanced by turning the GCB cartridge upside down and back-eluting the analytes with the minimum volume of solvent. Deacetylated glycans prepared by the hydrazinolysis of glycoproteins can be specifically entrapped on GCB for re-N-acetylation. 45 GCB is also used to entrap glycopeptides. 46 A combination of GCB and C18 SPE columns has been used for the purification of glycans for methylation analysis. 47 Borate can be used to form a diester complex with vicinal diols of saccharides at a pH value greater than 8. Therefore, an anion exchange resin of borate form is the most straightforward method to trap saccharides. 48 Boronic acid-bonded mesoporous silica has been used to enrich glycopeptides 49 and glycoproteins 50 in a protein mixture. However, the reaction between boronic acid and cis-diol groups is not specific to glycans, and other compounds with the same functionality, such as nucleotides, can also be adsorbed. 51 Sialic acid containing glycopeptides can be adsorbed on titanium SPE. The carboxylic acid and aldehyde-derived hydroxyl groups on the C-1 and C-2 of sialic acid residues act as multidentate ligands for Ti 4+ . The adsorption of acidic nonglycopeptides may be prevented by the use of aromatic carboxylic acids, such as phthalic acid. Phosphates in proteins have a strong affinity for TiO2. Therefore, a peptide mixture is often treated with phosphatases prior to the enrichment of glycopeptides.
Serotonin has a unique ability to bind the sialic acid residues of acidic glycans and glycopeptides at low salt concentrations. Serotonin-bonded silica has been developed for the specific entrapment of sialic acid-containing glycans. 52 Most of the analytical separations require prior cleanup of the reaction mixture to remove excess reagent and salts. Several methods for cleanup procedures have been reported in the literature. 2-AP reaction mixtures are purified using a gel filtration column (TSK-gel HW-40F, 1.3 × 20 cm) with recoveries of approximately 80%. 53, 54 Ion-exchange columns 55 and solvent extraction 56 can be used for smaller oligosaccharides. A labeling reaction mixture of 8-aminopyrene-1,3,6-trisulfonic acid (APTS) can be purified by gel filtration using a Sephadex G10 column. 57 Recently, NAP-5 columns (short columns of Sephadex G25) have been used that enable the separation of APTS-glycans from the reaction mixture in 3 min. 58 Other methods employing hydrophobic tags (e.g., 7-amino-4-methylcoumarin (AMC)) use Oasis HLB cartridges from Waters 59 and carbon-based matrices. 60 The reaction mixture labeled with 2-aminobenzamide (2-AB) is separated by traditional short ascending paper chromatography and a modified form of this using paper disks. 61, 62 Excess 2-aminobenzoic acid (2-AA) can be separated from labeled sugars by extraction into ethyl acetate. 63 Polyamide-based normal-phase matrices have been introduced for the isolation of small amounts of labeled oligosaccharides. 64 The polyamide formats for this purpose include mini sample preparation columns and filters (e.g., Discovery DPA-6S ® , 65 Speed Amide-2/Polyamide 6S ® , and nylon filter 64 ). Other hydrophilic phases, such as glass, cellulose, and CN-silica, are also used for removing excess reagents. 66, 67 High-acetonitrile conditions, typically more than 95%, are useful in capturing picomole amounts of derivatized oligosaccharides on hydrophilic SPE. A recent investigation into the recovery of small sugar chains (i.e., one to four residues) using polyamide matrix (Discovery DPA-6S) suggested that a slightly higher concentration of acetonitrile (97% vs. 95%) enhances recovery. 65 Similarly, a high concentration of acetonitrile/ethanol is useful in the precipitation of large polysaccharides directly from the aqueous 2-AA reaction mixture. 68 Lectins prepared from some plants and bacteria have unique affinities for carbohydrates; some lectins recognize terminal monosaccharide residues and others, such as concanavalin A (Con A), recognize a series of high-mannose type glycans with high affinity and biantennary complex type glycans with moderate affinity. Yodoshi et al. reported the specific entrapment of oligosaccharides and glycopeptides as lectin complexes using ultramembrane filters. 69 Lectin affinity columns have been applied to determine cancer-related glycans in human plasma. 70, 71 Lectin-immobilized nanoparticles have been used to entrap glycoproteins in human body fluids. 72 The capture of glycoprotein glycans using hydrazide functionalized phases was first introduced by Zhang's group. 73, 74 cis-Diols on the glycan moiety are oxidized to aldehydes using sodium periodate (NaIO4), and then coupled to a hydrazide resin as hydrazones, the non-glycosylated peptides flow through and the bound N-linked glycans are released using PNGase F. This method can be used to find glycosylation sites. 75, 76 Other entrapment chemistry for free oligosaccharides via their aldehyde groups has been developed by Nishimura's group. 77, 78 Labeling with biotin-hydrazide enables the immobilization of glycans to streptavidin-coated carriers. 79 
Labeling Reactions for Saccharides

5·1 Reductive amination
The introduction of a fluorescent tag to the reducing ends of glycans enables the specific and sensitive detection of glycans in picomole amounts, and enhances the resolution in HPLC and CE by suppression of the slow equilibrium between α-and β-anomers. Moreover, individual labeling enables quantitative profiling of glycans in complex samples directly from the peak areas obtained from separation data from the HPLC or CE profiles.
Though many derivatization methods have been developed for sensitive detection for HPLC and CE, the most popular derivatization scheme for carbohydrates is reductive amination (Scheme 1). The aldehyde group of a saccharide is condensed with the primary amine of a tag to form a Schiff base, and is then converted to a stable aminoalditol derivative using hydride reagents.
Schiff-base formation is facilitated by acidic conditions, whereas the amine should be condensed as a free base. Therefore, weak acids, such as acetic acid and citric acid, 80 are frequently used for this reaction. Sodium cyanoborohydride is most commonly used as a hydride reagent; however, the recovery of derivatives is sometimes dependent on the type of borohydride reagents. Labeling with 2-AP requires dimethylamine-borane for quantitative recovery. 81 Derivatization of N-acetylglucosamine with AMC is not quantitative when NaBH3CN is used, but the recovery was revised by using pyridine-borane as a hydride reagent. 82 NaBH(OAc)3 83 dimethylamineborane, 84 and 2-picoline-borane 85 have also been used as alternatives to cyanoborohydride.
A number of tags have been proposed for reductive amination; 66, 86, 87 some of these are shown in Fig. 4 . The reactivity of the tags depends on the electron density of the amino groups, and also the molecular size of the reagents. 88 The reaction rate is strongly dependent on the concentration of amine reagents and the reaction temperature. The concentration of amines used ranges from 0.2 to 1.0 M, and the reaction temperatures used are from 70 to 100 C for 30 to 60 min, or at 37 C overnight.
The reactivity and fluorescence intensity of the derivatives are dependent on the chemical properties of the tags. The relative reactivities for 3-, 4-, and 2-AB in dimethyl sulfoxide/acetic acid were found to be 100, 31, and 27, and the relative fluorescence intensities were 100, 190, and 2270, respectively. In contrast, the reactivity of 2-AA is 50-times higher than that of 2-AB, and 2-AA has a high fluorescence intensity. 63 2-AA and 2-AB are the most popular tags, despite being only recently introduced.
The use of 2-AP for labeling saccharides was introduced in 1978, and reports of its use are abundant in the literature. 89 The recommended 2-AP labeling conditions and purification schemes are somewhat cumbersome. 53 In a recent comparative survey, 2-AP appeared to be less sensitive than other tags. APTS is a fluorescent tag especially for laser-induced fluorescence (LIF)-CE analysis of glycoprotein glycans. 90 The excitation wavelength of APTS is compatible with the widespread argon laser. The labeling chemistry is sufficiently mild to prevent the loss of labile sugars, such as sialic acid and fucose. 91 Reductively aminated derivatives are chemically highly stable. However, most of them, except for 2-AP and APTS derivatives, are converted back to free oligosaccharides by treatment with hydrogen peroxide/acetic acid.
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5·2 Other labeling reagents for oligosaccharides
The Schiff base formed from the reaction between reducing carbohydrates and amines is not very stable, but it has been used in the HPLC analysis of monosaccharides. Rhodamine 110, 93 Rhodamine B, 94 and pentafluoroethyl p-aminobenzoate 95 are used for this reaction.
Aromatic hydrazines, such as phenylhydrazine 96 and dansylhydrazine, 97 have been reported to give increased sensitivity of detection for MS and increased absorption and fluorescence in HPLC analysis. Nishimura's group applied hydrazine chemistry for the entrapment and fluorescent labeling of glycans; this method is now commercially available as a derivatization kit.
1-Phenyl-3-methyl-5-pyrazolone (PMP) is not fluorescent, but is a photometrically sensitive reagent for saccharides. 98 The labeling reaction proceeds at neutral pH, which may suppress unfavorable losses of acid-labile monosaccharide residues.
Oligosaccharylamine intermediates formed in PNGase F digestions have been used with derivatization by Fmoc-Cl or 4-fluoro-7-nitrobenzofurazan (NBD-F) and separation by HPLC for the analysis of oligosaccharides. 99, 100 The reaction proceeds within 2 h with PNGase digestion and fluorometric labeling in one-pot, which may be useful for automated glycan profile analysis of glycoproteinaceous pharmaceuticals.
Liquid Chromatography of Saccharides
In the HPLC analysis of carbohydrates, detection methods should be carefully chosen to maximize the sensitivity and specificity. High-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) is one of the most sophisticated techniques for the analysis of free saccharides with high sensitivity and resolution of mono-and oligosaccharides. Pre-column labeling/derivatization is another choice for the specific detection of saccharides in fluorescent detection HPLC and LC-MS. Most glycans derived from a glycoprotein are comprised of few tenth species of oligosaccharides with a three or four orders of difference in the population numbers. Labeling of the reducing ends of the sugars can provide quantitative information on the glycan populations directly from HPLC profiles, because glycans contain only one reducing sugar in their sequences. Labeled oligosaccharides with various fluorescent tags are often separated by partition chromatography. The recent development of stationary phases using particles of less than 3 μm in diameter enhances the resolution of the saccharide derivatives. The following section describes the LC separation of saccharides using different separation methods.
6·1 Reversed-phase separation
In reversed phase (RP)-HPLC, the resolution of labeled oligosaccharides strongly depends on the properties of the tags. Derivatization with bulky hydrophobic tags enhances the retention of derivatives, but impairs separation based on structural differences among the sugar moieties, and causes the elution of carbohydrates in the order of decreasing size, 101 whereas, oligosaccharides labeled with small tags (e.g., 2-AP, 2-AB, and 2-AA) are resolved based on the structural differences and size of the glycans (Fig. 5) . 17, 23, 59, 102, 104 2-AP is still regarded as being one of the most suitable labeling reagents for the displacement mode of RP-HPLC, because the low hydrophobicity of 2-AP means that it only has a small effect on the retention times, which enables the emphasis to be on the glycan structures.
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6·2 Graphitized carbon chromatography
As described in the Specific Entrapment of Glycans section, GCB is an attractive separation phase for the adsorption of hydrophilic substances, such as oligosaccharides and oligosaccharide alditols.
The high shape-discrimination capability of GCB-LC enables the resolution of structural isomers of glycans. The use of GCB in conjunction with ESI-MS was previously reported to be effective for the separation of neutral and acidic glycans. GCB readily separates glycans based on the molecular size, branching patterns, as well as the number and type of linkage of the sialic acids residues. [106] [107] [108] 6·3 Normal phase and hydrophilic interaction chromatography (HILIC) The hydrophilic nature of glycans enables them to interact with the HILIC stationary phase based on dipole-dipole and electrostatic interactions, and hydrogen bonding. Amine-and amide-based columns are used preferentially. The retention of carbohydrates on normal-phase matrices is readily enhanced by increasing the organic solvent concentration in the eluent; carbohydrates are preferentially eluted with increasing water content and ionic strength. Isomeric oligosaccharides can be separated using shallow gradients. 64, [109] [110] [111] [112] [113] High resolution of oligosaccharides labeled with 2-AA 64 and 2-AP 114 has been obtained using Asahipak NH2P-50 columns. In this separation, oligosaccharides were separated mainly based on the charge and the number of sugar residues. The resolution of 2-AA-labeled oligosaccharides was somewhat better than Fmoc-labeled fetuin oligosaccharides on the same column.
99 A 1.7-μm phase column (Waters BEH Glycan) has been used for the resolution of 2-ABlabeled glycans. [115] [116] [117] HILIC tolerates neutral and acidic glycans, regardless of whether they are labeled with fluorescent tags. 118 Typical equilibration conditions in the HILIC HPLC of mono-and oligosaccharides and glycopeptides are 10 -25% water in acetonitrile with a low concentration of acid or salt (mostly below 100 mM). α2,3-Sialylated glycans elute slightly before their α2,6-sialylated isobaric siblings. 62 Polar glycopeptides are retained on the HILIC phase, while the hydrophobic peptides are washed off with high organic concentrations in the mobile phase, which allows the separation of glycosylated and non-glycosylated peptides. 119, 120 Retained glycopeptides can then be eluted by increasing the water content of the mobile phase. Recently, tryptic glycopeptides have been finely separated on a 1.7-μm amide column, with elution in the order of non-glycosylated, O-glycosylated and N-glycosylated glycopeptides. 121 The zwitterionic HILIC phase (sulfobetaine-bonded phase) has also been recently introduced for glycan separations. 122 This method is also applied in biomedicine for glycan biomarker analysis of human serum 123, 124 and LC-MS analysis of O-linked glycopeptides. 125 A recent review on the application of HILIC in glycomics is useful for further reading.
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6·4 High-performance (high-pH) anion-exchange chromatography (HPAEC)
Carbohydrates are weak acids, with a pKa value of >11, and can be retained on strong anion-exchange (HPAEC) columns at high pH (>13). 127 The CarboPac columns from Dionex are packed with latex-type stationary phases consisting of sulfonatepolystyrene divinylbenzene resin (10 μm diameter) with a layer of porous beads (0.1 μm diameter) with quaternary ammonium groups, enabling anion-exchange chromatography. Sugars are eluted using concentration gradients of a sodium hydroxide/ sodium acetate system. The interaction of the glycans with the stationary phase is influenced by the number of acidic groups, molecular size, sugar composition, and monosaccharide linkage. Separated saccharides are detected by a pulsed amperometric detection (PAD) system with gold electrodes, which enables the sensitive analysis of free saccharides. The sensitivity of HPAEC is two orders of magnitude lower than that of fluorometric detection of glycans labeled with 2-AB. 128 The high concentration of the electrolyte impedes the application of this system to LC-ESI-MS analysis, but connection with an anion micromembrane suppressor makes the ESI-MS of N-glycans possible. 129 In addition, this system enables monosaccharide analysis using a diluted eluent with an equilibrium dialyzer for alkalinization of the eluent from the column.
6·5 Hydrophobic interaction chromatography
Hydrophobic interaction chromatography (HIC) is widely used in the purification of proteins. HIC exploits the binding between hydrophobic patches on the surface of proteins and a nonpolar ligand immobilized on a solid support. 130, 131 The main factors affecting protein retention on the hydrophobic support are the type and concentration of salt used, 132 as well as the hydrophobicity and density of the immobilized ligand. 133 In classical HIC, protein binding is typically achieved by high salt concentrations that specifically promote protein retention, while desorption is controlled either by isocratic elution or by the gradual removal of salts from the chromatography columns. 134 This separation method is used for the separation of glycoproteins according to glycoforms.
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6·6 Weak anion exchange chromatography
Weak anion exchange (WAX)-HPLC can only separate glycans according to their negative charge or the number of sialic acid residues present. 136 Therefore, labeled oligosaccharides are fractionated into neutral compounds, followed by mono-, di-, and tri-sialylated oligosaccharides. In three-dimensional mapping, 2-AP oligosaccharides are separated based on the number of sialic acid residues as the first dimension. 10 The same strategy has also been applied to the separation of aminonaphthalenesulfonate-labeled oligosaccharides derived from a tissue plasminogen activator.
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6·7 Multidimensional HPLC
To profile glycans in complex mixtures, two or even threedimensional HPLC approaches are often required. 10 The first dimension is a weak anion exchange to fractionate 2-AP-labeled glycans according to the number of sialic acids; these fractions are then separated based on size on an Amide column, and finally separated, using reversed-phase LC, based on structural differences. The retention times of glycans are expressed in glucose units, i.e., as the chain length of an hypothetical dextran oligomer having the same retention time. Takahashi and colleagues have constructed HPLC separation indexes for N-linked oligosaccharides, and the number of N-linked saccharides indexed now exceeds five hundred sugar chains. This multidimensional approach has been used for highresolution glycosylation screening of serum and murine mannose receptors. [137] [138] [139] Recently 2-AB labeled oligosaccharides have also been separated by multi-separation methods using a combination of ion-exchange and HILIC. 115 A combination of online 2D LC systems was found to be useful in the separation of glycopeptides in protease digest mixtures. 140 
Capillary Electrophoresis of Saccharides
CE is a highly successful separation technique. Capillaries with 50 to 100 μm bore sizes have high electrical resistance which enables the delivery of very high (750 V/cm or more) electrical fields, resulting in short analysis times. Very small sampleinjection volumes (1 -50 nL) require extremely sensitive detection systems. Therefore, saccharides have often been labeled with fluorescent tags compatible with a laser-induced fluorimetric detection (LIF) system, which enables the detection of saccharides in the low femtomole to attomole levels. Moreover, labeling with ionic tags can be used to introduce charge to neutral saccharides, which causes the migration of saccharides in the electric field, and enhances the resolution.
Electroendoosmotic flow (EOF) is an important factor in CE analysis. The inner-wall surface of a fused-silica capillary is negatively ionized by contact with an electrolyte solution. Cations are attracted to the negatively charged wall to form an electrical double layer. When voltage is applied across the capillary, cations move to the cathode, which results in a flow of solution, the EOF, as a constant flow to the detector. The EOF is highly dependent on the pH of the electrolyte, and generally increases with the pH of the electrolyte solution. The flow profile of EOF is plug-like in nature. Therefore, the EOF is generated along the entire length of the capillary, and solutes move at the same rate throughout the capillary.
Enhanced EOF often impairs the resolution of labeled oligosaccharides because of their slow mobility. In this case, capillaries coated with charge-free polymers can be used to enhance the resolution of oligosaccharides. The following section describes the various CE separation methods for the analysis of monosaccharides, glycans, and also glycoproteins.
7·1 Capillary zone electrophoresis using borate complexes
Carbohydrates and their conjugates are polyhydroxylated compounds, which have no charge, but can form stable anionic complexes as borate esters in alkaline borate buffers. The mobility of borate-saccharide complexes is dependent on the stability of the complex (i.e., the configuration of the hydroxyl groups). Borate is able to form complexes with linear polyalcohol structures generated by the derivatization of aldehyde groups.
Fine resolution of 14 mono-and oligosaccharides labeled with ethyl p-aminobenzoate, which were separated within 16 min, has been achieved using 175 mM borate buffer (pH 10). 141 PMP derivatives of aldopentoses and hexoses were able to be separated in approximately 20 min. 142 The hydroxyl groups of saccharides are ionized at pH > 10, which implies that the high resolution of saccharides observed using high pH borate buffers is partly due to ionization of the hydroxyl groups, as described in the next section. The separation of oligosaccharides can be enhanced by suppressing the EOF by adding polyethylene glycols. 143 This method has been applied to the analysis of 2-AP-labeled oligosaccharides.
7·2 Separation of carbohydrates as anions using a strong
alkaline solution as the electrophoretic solution The hydroxyl groups of sugars are ionizable in strongly alkaline solution (pH > 11), and their Ka values are highly dependent on the configuration of the hydroxyl groups. Therefore, saccharide molecules migrate as anions in an alkaline electrophoresis solution, such as 0.1 M NaOH. The separated carbohydrates are sometimes detected by electrochemical detection (ECD) or PAD on a metal electrode. 144, 145 The detection limit of these methods can reach femtomole levels. Alternatively, indirect detection can also be employed, using various fluorescent dyes including fluorescein and coumarins for sensitive detection. 146, 147 The selectivity of these detection methods seems to be somewhat low. Therefore, the combination of ECD and alkaline electrolyte is limited to sugar analysis in alcoholic and non-alcoholic beverages.
7·3 Size separation CE using neutrally coated capillaries
Derivatization with ionic tags supplies charge to the reducing ends of oligosaccharides. Tags act as driving forces for labeled oligosaccharides, and enable separation based on their molecular mass/charge ratio. However, large oligosaccharides have low mobility, which is negligible compared to the velocity of the EOF. Good resolution of large oligosaccharide derivatives is often attained by using neutrally coated capillaries. Both covalent and dynamic coatings are available for modification of the inner surface of capillaries. The coating also prevents adsorption of hydrophobic analytes. Various types of polymers have been examined as additives in the electrophoresis buffer, including hydroxypropyl cellulose (HPC), polyvinyl alcohol (PVA), and polyethylene glycols (PEG). 148 A phospholipid/Ca 2+ coating has been used to obtain high resolution separations of APTS-labeled oligosaccharides. 149 The dynamic coating of capillaries with HPC and PEG is often simply attained by adding the polymer to the electrophoresis buffer. PVA-coated capillaries are often prepared by the annealing of a PVA solution as follows: a bare fused silica capillary is filled with a PVA solution, most of the solution is suctioned off, then the capillary is heated in an oven thermostated at 100 C to dry the inner surface. This PVA-coated capillary may be useful to prevent the adsorption of aromatic compounds. 125 Linear polyacrylamide is a typical example of a covalently bonded coating. In this case, acryl groups are introduced to the surface of a capillary by treatment with acryloxypropyltrimethoxysilane, and then polymerized by introducing an acrylamide monomer solution. 150 Polydimethylsiloxane-coated capillaries (DB-1 and DB-17 as SCOT capillaries for GC) can also be used effectively for CE separation in the EOF suppressed mode.
Recent work on the separation of oligosaccharides has been carried out using EOF-suppressed capillaries. Callewaert et al. reported the application of a DNA sequencer to profiling N-glycans in serum glycoproteins; all sample preparation steps, including PNGase F digestion and labeling with APTS, were performed on a 96-well plate simultaneously, and the analysis of all samples was completed in half an hour. 151, 152 
7·4 Micellary electrokinetic chromatography (MEKC)
MEKC is an effective method for separation based on hydrophobicity. In MEKC, partitioning between an aqueous phase and a hydrophobic inner atmosphere of ionic micelles enables the separation of neutral analytes, similar to reversedphase LC. MEKC uses a bare fused silica capillary with an electrophoresis buffer containing an ionic surfactant at a concentration higher than the critical micelle concentration. The EOF forces the entire liquid to move in the capillary toward the cathode, whereas SDS micelles quickly move to the anode against the EOF. A hydrophilic analyte with no affinity for SDS micelles will migrate at the velocity of the EOF, whereas hydrophobic compounds are partitioned to the SDS-micelles according to their affinity for the micelles. Therefore, all analytes are observed to elute between the migration times of the EOF and the SDS micelles.
A typical application of MEKC to carbohydrates is the analysis of mixtures of labeled monosaccharides. Such analyses have included the separation of 16 monosaccharides labeled with PMP 153 and 2-aminoacridone (AMAC) labeled glycans. 154 Acidic oligosaccharides derived from heparins, 155 chondroitin sulfates, 156 and hyaluronic acid 157 can also be separated by this method. Differences in the hydrophobicities of saccharides are quite small, and therefore separation using MEKC is attained using a low pH buffer, such as a phosphate buffer (pH 7) or a phosphate/borate buffer to reduce the EOF velocity.
7·5 Capillary affinity electrophoresis for glycan profiling
CE is an effective tool to study the interaction between carbohydrate-recognition proteins, such as lectins, and carbohydrates in solution. The method using biological interactions is called capillary affinity electrophoresis (CAE). Shimura and Kasai demonstrated that CZE can be a sensitive tool for the simultaneous determination of the association constants of a mixture of simple oligosaccharides with lectin. 158 One of the important features of CAE is that the technique enables one to determine the affinity of a lectin to specific oligosaccharides in a mixture by impregnating a lectin in the electrophoresis buffer. 159 When the lectin interacts with a carbohydrate, the carbohydrate peak appears more slowly, or disappears, due to the association with the lectin. On the contrary, carbohydrates that do not interact with the lectin migrate at the same rate as that observed in the absence of the lectin. A difference in the electrophoretic profiles, obtained in the presence and absence of a lectin, indicates the presence of specific structures recognized by the lectin. This method has been applied to the analysis of milk oligosaccharides, 160 and IgG glycans. 161 Partial-filling affinity capillary electrophoresis is a technique that has been applied for the lectin capture of APTS-glycans. 162 This method has been used for the detection of high-mannosetype glycans by sequential injection of four lectins to remove peaks caused by complex glycans (Fig. 6) . A partial injection of a NeuGc specific antibody has been used to detect minor oligosaccharides containing NeuGc in IgG pharmaceuticals. 163 Partial filling with α-galactosidase allows on-capillary hydrolysis, which enables detection of the presence of α-Galterminated glycans. The combination of these methods with large-volume sample stacking with an electroosmotic flow pump (LVSEP) enhances the sensitivity of the methods by a factor of 900 times. 164 The resolution of the separation of APTS glycans was enhanced from 480000 to 640000 theoretical plates by using a phospholipid buffer system. 165 Glycoforms of acid glycoprotein (AGP) are marker candidates for disease progression and the prognosis of malignancies. The distribution of bianntenary glycans in AGP has been investigated by CAE using Con A as the lectin. 166 Multidrug resistanceassociated proteins (MRP) have the ability to efflux a broad range of substances. A CE immunoassay method for the determination of MRP1 has been developed using a FITClabeled antibody; since MRP1 is the most prominent member of the MRP family, a simple technique was needed for its quantification.
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7·6 Separation of glycoproteins and glycopeptides
The separation of glycoproteins according to differences in the number of glycosylation sites and the structure of the glycans remains a challenging theme for CE. The separation of bone morphogenic protein 2 based on the number of mannose residues has been achieved using a phosphate buffer (pH 2.5). MEKC using SDS/phosphate/borate, diaminobutane/borate, diaminobutane/phosphate, polyamine/borate, and quaternary alkylammonium/borate was previously reported for the glycoform separation of glycoproteins. The addition of Ni 2+ or Mg 2+ to the electrophoresis buffer has also been applied to the separation of proteins (Review 168 ). Recently, a method of derivatization through the thiol groups of glycoproteins, using either 5-(iodoacetamide)fluorescein (5-IAF) or BODIPY iodoacetamide, has been used to produce a model protein of AGP that was separated into more than 10 peaks by CE using 10 mM tricine/10 mM sodium acetate/10 mM NaCl/7M urea/4.5 mM putresceine, pH 4.5 with acetic acid. 169 Owing to the increasing number of erythropoietin (EPO) biosimilars being approved, the comparison of different preparations in the pharmaceutical area is gaining in importance. Taichrib et al. applied CE-ESI-MS for the separation and analysis of 14 preparations of EPO pharmaceuticals. A capillary was coated with UltraTrol, and separation was achieved using 1 M acetic acid. 170 A zirconia nanoparticle coated capillary has been used for the resolution of ovalbumin into 14 peaks. 171 Capillary isoelectric focusing (cIEF) resolves proteins based on isoelectric points. With an increase in the number of branches of complex type glycans, the number of acidic neuraminates increases at their termini. Therefore, cIEF can be used as a specific method to monitor the sialylation of glycoproteins. However, the immobilization step often causes trouble, including a distortion of the pH gradient and missing proteins with high pI values that align out of the detection window. In 1992, whole capillary imaging techniques to detect the focused proteins were developed to eliminate the mobilization step. 172, 173 The method has been applied to the analysis of several biopharmaceutical glycoproteins.
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Conclusions
In the manufacturing process controls of therapeutic glycoproteins, the contaminants are often determined by MALDI-or LC-ESI-MS analysis. The purities of the therapeutic proteins (i.e., misfolding, aggregates, or non-glycosylation) are assayed by size separation using SDS polyacrylamide gel electrophoresis (SDS-page), and now the protocols for CE-based SDS-page are supplied by the manufactures, which enables rapid and reliable quantitative determination. In contrast, there is no generalized method for the simultaneous determination of the structures of glycans and their population numbers. Therefore, a combination of LC or CE and various detection and chemical derivatization methods should be carefully chosen, according to the purpose of the analysis and the type of the glycan samples.
LC and CE methods can be applied to the structural analysis of glycoprotein glycans.
Recently developed separation methods, including zwitterionic HILIC and graphitized carbon columns, enable the high resolution of glycans based on the unique specificities to saccharides. Using packing materials with particle sizes of less than 2 μm enhances the separation of structurally closely related glycans, which reduces the analysis times and increases sensitivities. In the near future, glycan analyses may be attained by the combination of robotic sample preparation systems and a column-switching microLC system. CE has advantages over LC in the automation of analysis, because with CE separation modes can be quickly changed by replacing the electrophoresis buffer. This feature enables the automated analysis of glycan mixtures in various modes. For example, specific separations based on the number of sialic acid residues, the composition of the monosaccharide residues, and size resolution only, were made by changing the electrophoresis buffer, using a neutral phosphate buffer, a basic borate buffer, and an acidic buffer, respectively. Moreover, the terminal monosaccharide residues and the specific sequences of the branches of glycans can be estimated by the introduction of lectin solutions with various specificities before injecting the sample solution. A one-pot reaction in which PNGase F is used to release glycans as glycosylamines, followed by derivatization with fluorescent tags, has been completed within 2 h. This method may have use in the onsite quality control of glycans in glycoproteinaceous pharmaceuticals.
Further reading of some recent reviews should be helpful to readers to understand the developments in this area. 16, 17, [177] [178] [179] 9 References
